In multi-pass welding, the weld metal and the associated heat-affected zone are subjected to repeated thermal cycling from successive deposition of filler metals. The thermal straining results into multi-mode deformation of the weld metal which causes a variably distributed residual stress field through the thickness and across the weld of a multi-pass weldment. In addition to this, the as-welded fusion zone microstructure shows dendritic formation of grains and segregation of alloying element. This may result in formation of micro-corrosion cells and the problem would aggravate in case of highly alloyed materials. Local mechanical tensioning is an effective way of elimination of the weld tensile residual stress. It has been shown that application of cold rolling is capable not only of removing the residual stress, but depending on its magnitude it may also form beneficial compressive stress state. Multi-pass structural steel welds used as structural alloy in general engineering and structural applications. Such alloys are subjected to severe inservice degradation mechanisms e.g., corrosion and stress corrosion cracking. Welds and the locked-in residual stress in the welded area often initiate the defect which finally results in failure. In the present study, a multi-pass structural steel weld metal was first subjected to post-weld cold rolling which was followed by controlled heating by a fiber laser. Cold straining resulted in redistribution of the internal stress through the thickness and controlled laser processing helps in reforming of the grain structure. However, even with controlled laser, processing the residual stress is reinstated. Therefore, a strategy has been adopted to roll the metal post-laser processing so as to obtain a complete stress-free and recrystallized microstructure.
Introduction
Steels (especially S275 steels) are a very popular low carbon steel grade suitable for numerous general engineering and structural applications. In these applications, it is essential to form strong joints that allow transfer of load between the different steel components. In most cases, welding is generally the most common method of joining. The welding method reduced the corrosion problems often associated with fasteners. This process (welding) create most robust joint to the application.
The most common and widely used welding processes are those which employ fusion. Fusion arc welding process relies on intense local heating at a joint where a certain amount of the parent metal is melted and fused with additional metal from the filler wire. Fusion arc welding is extensively used in a number of construction industries, offshore structures, and other structural applications. The main benefits of fusion welding, as joining processes, are creation of robust joint, flexibility in terms of setting up the equipment, and low fabrication costs. Disadvantage of this process is that the mechanical properties of the structural alloy are been alter as result of welding. This process also causes distortion and residual stresses in the welded structure.
The distribution of residual stress in the weld is generally tensile in the longitudinal (along-weld) direction close to the weld line, and further away from the weld center line, compressive longitudinal residual stresses exist balancing those in the weld zone (Ref 1) . The presence of tensile residual stresses has been reported to accelerate stress corrosion cracking and fatigue crack growth rates (Ref [2] [3] [4] [5] , which are detrimental to the integrity and the service behavior of the welded joint.
A number of methods have been used to mitigate the effects of residual stress in welding. These include post-weld heat treatment (Ref 6) , shot peening, modification of the structural configurations, and the implementation of thermal tensioning techniques (Ref 7, 8) . It has also been reported that application of cold rolling is capable not only of removing the residual stress but depending on its magnitude it may also form beneficial compressive stress state .
In addition to a complex distribution of residual stress state, multi-pass welds also remelt the existing dendritic grain structure, resulting in aggression of segregation of alloying elements. Dendritic grain structure is weaker and segregation of alloying elements would result in formation of corrosion microcells as well as reduction in overall corrosion resistance due to localized depletion of alloying elements. Modification of the materialÕs microstructure by heat treatment can have a dramatic effect on hardness and fracture toughness in both the fusion region and the heat-affected zone (HAZ), which consequently affects fatigue properties greatly.
Our previous work (Ref 14) shows very minimal grains refinement and reinstated as-welded residual stress state profile when post-weld cold rolling followed by laser processing was applied to the sample. Following this observation, different methods were used which is the main objective of this investigation.
The aim of this research is to apply this novel method of cold rolling two times, before and after laser processing to modify the microstructures, mechanical properties, and residual stress state of multi-pass welds of structural steel.
Experiment

Material
In this study, the material used was S275JR structural steel plate (12 mm thick), and the filler wire used is Union MoNi Figure 1 shows the welding set-up and the bevel was filled with four (4) welding passes.
Experimental Method
In this research the samples were processed in three stages after welding as given below. Metallography, mechanical properties, and residual stress measurement were carried out after each stage as shown in the flow chart in Fig. 2. 2.2.1 Welding. The welding was carried out using Tandem Gas Metal Arc Welding process. Welding parameters used are shown in Table 1 .
The heat input was calculated using Eq 1.
An efficiency factor of 80% was used (Ref 4) . Note that, the instantaneous current and voltage were recorded using a Scopecorder 750. The values were averaged for a certain period of stabilized welding, and these are used for computing the heat input.
2.2.2 Rolling Device. Post-weld cold rolling was carried out using the in-house rolling machine. This rolling device is capable of rolling with a constant force. The principle of operation of this machine was explained elsewhere (Ref 14) . This roller was made from hardened BS 4659 BH13 tool steel. It has an effective width of 30 mm and the diameter of 100 mm. The rolling load of 150 kN with a constant travel speed of 700 mm min À1 was applied to welded sample.
Laser Processing.
Laser processing was applied after post-weld cold rolling. An optical fiber of 300 lm diameter was used to transmit the laser beam to the laser head. Laser beam was collimated using a lens of 125 mm focal length. After collimating, focussing lens of 250 mm focal length was used to focus the beam. The focussing lens produce a spot size of 0.61 mm at the focal point as shown in Fig. 3 . It worth mentioning here that the laser in this specific experiment was used to increase the temperature at a controlled rate. It was on this basis that the sample was heated up to 900°C by controlling the laser power at constant beam diameter of 110 mm. Figure 3 shows the schematic diagram for design laser set-up. The laser head was positioned at 25°angle to avoid any back reflection that can damage the lens.
Experimental Measurement
In this experimental measurement, the weld thermal cycle, hardness scanning, and residual stress measurement were performed.
2.3.1 Determination of the Weld Thermal Cycles. Thermocouples were used to measure the thermal cycle of the weld metal with the aid of a Scopecorder 750 instrument. A hole was drilled through the plate thickness from the root side through the backing bar into which K-type thermocouples was placed. The thermocouples were placed at 1.0 mm below the weld surface (cap pass) and at 10.0 mm below the weld surface (root pass), respectively. . The elastic strain measurements were made on the mid cross-sectional plane of a 500-mm sample (plane PQRS) as shown in Fig. 4 . The mid-cross-sectional plane was chosen with the assumption that the stress state in the middle will reflect the stress generated from the steady-state welding process. The measurements were taken at 2.5, 6.5, and 10.5 mm below the plate surface on which the capping pass was laid. The longitudinal, transverse, and normal strains were measured. It was assumed that these directions measured, by symmetry, to be the principal stress directions. The coordinate axes LD, TD, and ND, as shown in Fig. 4 , represent the longitudinal (parallel to the length of the weld), transverse (perpendicular to the length of the weld and parallel to the plate) and normal (perpendicular to the length of the weld and perpendicular to the plate), respectively.
The inter-planar spacing (d) of the {211} crystallographic plane was chosen for measurements of all the principal strain directions. The strain response of {211} family of crystallographic planes in the BCC lattice structure closely follows the macroscopic strain response over the measured gage volume (Ref 16) . The measurements were made using a neutron incident beam of wavelengths, 1.6 Å , which gives a diffraction angle (2h) of 84.5°. In order to achieve accuracy, it is important to perform a wall scan as reported by Wang, X. L. etÕal (Ref 18) . Therefore, in this work, the through-thickness scan was performed for accurate positioning of the gage volume within the plate. In order to maintain the through thickness resolution, the gage volume dimension was determined by using slits in front of the in-coming beam and collimating the diffracted beam. To achieve the desired spatial resolution, an incoming beam of 2 9 2 mm 2 was used for the longitudinal strain measurement while a 2-mm collimator was used for the diffracted beam. In these measurement conditions, the gage volume at the measuring position was set to be approximately 2 9 2 9 2 mm 3 . In the transverse and normal strain measurement, an incoming beam of 2 9 20 mm 2 was used. This is based on assumption that the stress state and magnitude will 
In determining residual stress using neutron diffraction, it is important to correct the measured strain for compositional variation. Therefore, the stress-free comb machined out from the weld is measured for spatial correction of the measured strain in the plate. The comb-shaped sample of dimension 6 mm 9 6 mm 9 5 mm was machined out from the parent plate by electrical discharge machining. This dimension of the comb would ensure relaxation of any macroresidual stress field. The comb geometry would also allow positional correction of the measured strain for compositional variation across the weld and also any changes in lattice parameter due to intergranular straining (Ref 19, 20) . The stress-free lattice spacing d 0 ð Þ were measured in all the three principal strain directions.
The lattice spacing d is related to scattering angle h by BraggÕs law as shown in Eq 2.
where k is the wavelength Gaussian fitting routine was used to fit the intensity profile and precise determination of the peak position. The stress-free lattice spacing d 0 ð Þ measurement combined with the lattice spacing measurements was used to calculate strain e ð Þ along the three principal strain direction using Eq 3.
where e is strain in the {hkl} family of crystallographic planes, d is the lattice spacing, d 0 is the strain-free spacing (measured in the same plane).
Once the strain in the principal direction are determined, the principal stresses are then analyzed using the HookeÕs law for threedimensional state of stress as shown in Eq 4, using the appropriate elastic constants for the specific crystallographic plane.
where E is the YoungÕs modulus, t is the Poisson ratio, i = 1, 2, 3 indicate the component of stress and strain relative to chosen to the principal strain directions.
Elastic constants values of E = 225.5 GPa and t = 0.28 (Ref 5) are used to calculate stress from measured strains. Figure 5 shows the thermal cycle when the sample was heated up to 900°C using a controlled laser power at constant beam diameter of 110 mm. This temperature was selected based on the fact that recrystallization temperature of structural alloy is between one-third and one-half of the absolute melting temperature (1540°C for steel) (Ref 21).
Results and Discussion
Temperature-Time Plot
Microstructural Observations
The optical micrographs of both the as-welded and postweld cold rolled samples were not clearly identified but were believed to consist of martensitic (bainitic) microstructures due to enriched solid solution strengthening element in both the parent metal and the filler wire. For example, silicon (high percentage in the weld metal) is a powerful ferrite strengthener when compared with other alloying elements which promotes considerable hardness through solid solution. This resulted in localized increase in hardenability in the weld and heat-affected region. Previous research conducted by Ibrahim (Ref 22) also confirmed this phenomenon. Post-weld cold rolling resulted in increasing hardening by about 50 HV. Post-weld cold rolling followed by laser processing shows M-A (martensite-austenite) islands present in the microstructure.
EBSD techniques were used for detailed analysis of microstructure. Figure 6 shows the micrographs of all the samples obtained from EBSD. These micrographs were obtained from data collected over an area of 538 lm 9 401 lm with step size 0.437 lm. The as-welded and post-weld cold rolled samples have dendritic grains structure with low angle grain boundary (Fig. 6a and b) . The post-weld cold rolling followed by laser processing (Fig. 6c) shows clear grains, different grain orientations with high angle grain boundaries. The refined grains obtained by post-weld cold rolling followed by laser processing is known to increase the strength and toughness of the material which is lower in as-welded state due to the formation of dendritic grain structure. These refined grains are also resistant to fatigue and fracture failures.
Hardness
A hardness scan was performed across the weld metal (cap pass). Hardness values are lowest in the parent metal, but sharply increase in the HAZ, and remain fairly uniform in the weld metal (Fig. 7a) . This high hardness at the HAZ is caused by the presence of martensite in the microstructure. The presence of martensite was as a result of the high cooling rate experienced at the zone along with high hardenability due to increased grain size in the HAZ and the alloying elements in the weld metal.
Post-weld cold rolling increases the hardness value from 341 to 400 HV at the weld metal. This effect of post-weld cold rolling could be attributed to work hardening which is inevitable consequence of the plastic deformation induced (Fig. 7b) . The hardness values drop from 400 to 278 HV at the cap pass (Fig. 7a) . This resulted in nucleation of strain-free grains from the cold-worked metal matrix at points of high lattice strain energy. As a consequence, the hardness also decreases. Further cold rolling after post-weld cold rolling followed by laser processing reinstate the hardness profile to as-welded state (278 to 310 HV at the cap pass), indicating the effect of work hardening after laser processing. This cold working leads to plastic deformation of the weld metal and thereby redistribute the residual stress. As observed in Fig. 7(a) , increase in hardness in cold rolling after post-weld cold rolling followed by laser processing is less than hardness in post-weld cold rolled condition, because the matrices were tough and have high plasticity.
The hardness scan along the weld metal (Fig. 7b) shows an increase in hardness value of the as-welded sample from the cap to the root pass of the weld metal, indicating that the root pass is harder than the cap pass. The higher hardness in the root pass is a result of thermal straining due to successive deposition of filler wire. The effect of cold working was observed throughout the entire thickness (first cold rolling). However, up to about 4 mm, the effect is more pronounced; after that, from 4 to 10 mm the effect is less pronounced. However, between 10 and 12 mm the hardness is slightly higher than the middle part of the weld which could be attributed to reaction from the backing bar.
Residual Stress
The residual stress analyzed from the measurements of elastic strain showed a reduction in magnitude from cap to root in as-welded and post-weld cold rolled followed by laser processing. As shown in Fig. 8 , the peak tensile residual stress of the as-welded sample diminishes in magnitude through the thickness of a multi-pass weld. The reduction in magnitude is attributed to the fact that multiple passes result in thermal straining of previously laid pass from successive passes. The thermal cycling would cause macroscopic plastic deformation of previously laid passes. However, reduction in peak tensile residual stress of post-weld cold rolled followed by laser processing sample can be attributed to high thermal conductivity and low coefficient of thermal expansion of the ferritic steel as compared to austenitic steel.
The effect of post-weld cold rolling in as-welded condition and further cold rolling after laser processing showed a reduction in peak compressive residual stress through the thickness of a multi-pass weld. This could be attributed to direct contact between local mechanical tensioning (roller) and cap pass indicating the effect of cold working which lead to hardening of the weld metal and thereby redistributing the residual stress.
3.4.1 Effect of Post-Weld Cold Rolling Through the Thickness. Figure 8 shows that the effect of post-weld cold rolling (measurement was taken at 2.5 mm below the top surface) has modified the longitudinal residual stress state causing it to become compressive around the weld metal (from peak tensile stress of 530 MPa to compressive stress of 258 MPa). Application of rolling to the welded joints causes yielding of material in the weld region. This effect compresses the material in the direction normal to the weldÕs surface leading to hardening of the weld metal and thereby relax the residual stress. The compressive residual stress generation at this region is beneficial in improving the structural integrity of a component as most of the in-service deterioration starts with a surface flaw.
It was observed that, at about 6.5 mm below the top surface (Fig. 8) , the rolling load has shown influence on the residual stress state of the weld. The rolling modified the peak tensile stress from 487 MPa to compressive stress of 183 MPa suggesting significant effect of the rolling load at the region. However, at 10.5 mm below the top surface (Fig. 8) , the impact of rolling is less pronounced (when compared with 2.5 mm below the weld surface) but still manages to change the tensile as-welded stress to a compressive value in the weld metal. 
Effect of Post-Weld Cold Rolling Followed by Laser
Processing. Post-weld cold rolling followed by laser processing (measurement was taken at 2.5 mm below the top surface) has reversed the longitudinal residual stress from compressive stress of 258 MPa to tensile stress of 699 MPa (Fig. 8) indicating a high thermal input and non-uniform cooling of the plate resulting in development of the residual stress in the longitudinal direction. The applied heat generated inhomogeneous plastic deformation and tensile residual stresses.
At about 6.5 mm below the top surface (Fig. 8) , application of laser processing to the rolled samples modified the residual stress from compressive stress of 183 MPa to tensile stress of 462 MPa showing a significant effect of heat at the region. Similarly, the effect of the applied thermal energy was pronounced at 10.5 mm below the top surface, indicating that the heat was conducted throughout the entire thickness of the material which causes changes in the residual stress state.
3.4.3 Effect of Cold Rolling After Post-Weld Cold Rolling Followed by Laser Processing. Further cold rolling after laser processing has redistributed and eliminated the tensile residual stress state formed during laser processing throughout the entire thickness of the material. Cold rolling following the laser processing was found to be effective in creating a compressive stress field as expected.
Conclusion
Local mechanical tensioning (rolling) followed by laser processing to create a refined and recrystallized microstructure with modified residual stress state, thus improving the fatigue life of welded structures, was investigated. It can be concluded from this research as follows:
1. The effect of rolling was realized throughout the entire thickness of the multi-pass welds that modified the longitudinal residual stress state causing it to become compressive around the weld metal. 2. Grain refinement was observed at the cap pass when post-weld cold rolling followed by laser processing was applied to the sample. 3. Due to thermal straining from successive pass, the tensile residual stress of the as-welded sample diminishes in magnitude through the thickness of a multi-pass weld. 4. Post-weld cold rolling followed by laser processing reinstated as-welded residual stress state profile throughout the entire thickness of the multi-pass welds. 5. Further cold rolling after laser processing has redistributed and eliminated the tensile residual stress state formed during laser processing. Generation of this compressive stress state is beneficial in improving the structural integrity of a component as most of the in-service deterioration starts with a surface flaw. 6. In summary, this novel processing clearly demonstrates the improvement of structural features that can be obtained in traditional welded structural alloys. However, optimisation of the post-weld cold rolling and laser processing would be required for different alloy systems. It would be advisable to consider the materialÕs work hardening characteristics, and the effects of deformation on metallurgical and constitutive properties, if post-weld cold rolling is to be applied.
